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Classification of Volcanic Vents
techniques (Colman and Pierce, 1977) , and soil-profile development (Birkeland, 1984 Therefore, local government officials might decide to evacuate some areas in advance of a threatened eruption.
Pyroclastic Flows
Pyroclastic flows are masses of hot, dry rock fragments, mixed with hot gases, that move away from their source vents at high speeds. They may result from explosive eruption of molten or solid rock fragments, or both, along with gas, or from the collapse of vertical eruptive columns of rock fragments, ash, and gases. 1902, a cloud of hot ash and gases swept into the town of St. Pierre at an estimated speed of 160 km/hr or more (Macdonald, 1972) . About 30,000 people died within minutes, most of them from inhalation of hot ash and gases. A similar explosive eruption of Mount Lamington, New Guinea, in 1951 produced clouds of hot ash that swept down all sides of the volcano at high speeds, killed about 3,000 people, and destroyed nearly everything within an area of about 230 km2 (Taylor, 1958) . (Miller, 1980) . Pyroclastic flows in the Lassen and Mono Lake-Long Valley regions have been erupted repeatedly from several vents and some have moved as far as 10-15 km (Crandell and others, 1974; Miller and others, 1982) . Future pyroclastic flows like those of the past will be extremely hazardous and devastating. Moreover, the probable existence of large magma chambers beneath several volcanic areas in Cali fornia suggests that pyroclastic flows considerably larger than past events are possible. Such pyroclastic flows would be extremely destructive over wide areas. Because pyroclastic flows move at such high speeds, escape is not possible once they form; to avoid loss of life, local government officials may decide to evacuate areas subject to pyroclastic flows before they occur.
Directed Blasts
Directed blasts consist of an inflated mixture of hot rock debris, ash, and gases that may be hundreds of meters thick and that moves at high speed along the ground surface with little or no control by the underlying topography. Directed blasts are among the most destructive of volcanic phenomena because within a few minutes they can devastate areas of tens to hundreds of square kilometers and kill virtually all Jiving things in these areas by abrasion, impact, burial, and heat. Most such blasts occur when viscous gas-rich magma is emplaced at shallow levels in a volcano. Directed blasts may affect only narrow arcs or may spread out from a volcano to cover a sector as broad as 180° of arc, and they can reach distances of several tens of kilometers from a vent (Crandell and Hoblitt, 1986) . If blasts are vertically directed, they may affect all sides of a volcano (Taylor, 1958) . Blasts are known to reach speeds of up to 600 km/hr. The resulting deposits form a blanket of blocks, lapilli, and ash that thins from a few meters near the source to a few centimeters near the margin.
A directed blast at Mount St. Helens, Wash., in 1980, devastated an area of 600 km2 out to a distance of 28 km from the volcano and killed more than 60 people. A similar blast in 1956 at Bezymianny volcano, U.S.S.R., affected an area of about 500 km2 out to a distance of 30 km from the volcano (Gorshkov, 1959; Bogoyavlenskaya and others, 1985) . Both events were associated with debris-avalanches and formed large horseshoe-shaped craters open in the direction of the blast. Two small directed blasts (Eppler, 1987) or pyroclastic flows (R. L. Christiansen, and M.A. Clynne, written commun., 1986) occurred at Lassen Peak in 1915 (table 2). The events destroyed the forest in a narrow sector north-northeast of the volcano to a distance of about 5 km.
Future blasts are most likely to occur at steep-sided volcanoes like Mount Shasta and Lassen Peak. The possibility of a blast, and the sector around a volcano that may be affected, can often be anticipated by an extended period of precursory seismicity and the nature of deformation of the volcano; people should be evacuated by the local government officials from such areas prior to a blast because blasts can occur with little or no immediate warning and move at speeds that preclude escape.
Pyroclastic Surges
Pyroclastic surges are turbulent, low-density clouds of rock debris and air or other gases that move over the ground surface at high speed. They typically hug the ground and, depending on their density and speed, may or may not be controlled by the underlying topography. Pyroclastic surges are of two types: "hot" pyroclastic surges that consist of "dry" clouds of rock debris and gases that have temperatures appreciably above 100°C, and "cold" pyroclastic surges, also called base surges, that consist of rock debris and steam or water at or below a temperature of l00°C. Both types of pyroclastic surges destroy or remove structures and vegetation by impact of rock fragments moving at high speeds and may bury the ground surface with a layer of ash and coarser debris. Because of their high temperatures, hot pyroclastic surges may start fires and kill or burn people and animals. Both types of surges can extend as far as 10 km from their source vents and devastate life and property within their paths.
Pyroclastic surges have occurred in the past (table  2) and can be expected to occur again at many volcanic centers in the State. Future cold pyroclastic surges (base surges) are considered more likely to occur at volcanic vents near lakes, those that have crater lakes, and at vents in areas having a shallow water table than in areas where magma cannot come in contact with water. Local government officials may decide to evacuate some areas in advance of such events because pyroclastic surges move with such high speeds, people cannot escape once they begin.
Lava Flows
Lava flows are streams of molten rock that erupt relatively nonexplosively from a volcano and move slowly downslope. The distance traveled by a lava flow depends on such variables as the viscosity of the lava, volume erupted, steepness of the slope, and obstructions in the path of the flow. Basalt flows may reach 50 km from their sources, but few andesite flows extend more than 10-15 km. Because of their high viscosity, dacite and rhyolite lava extrusions typically form short, thick flows or domes.
Lava flows cause extensive damage or total destruction by burning, crushing, or burying everything in their paths. They need not directly threaten people, however, because they usually move a few meters to a few hundred meters per hour, and their paths of movement can be at least roughly predicted. Lava flows that move onto snow or ice can cause destructive debris flows and floods, and those that move into forests can cause fires. The flanks of lava flows typically are unstable during their growth and collapse repeatedly, occasionally producing explosive blasts and (or) small pyroclastic flows.
Lava flows have been erupted at many vents in California during Holocene time (table 2) ; their compositions have ranged from basalt to rhyolite, and the lengths and other characteristics of flows vary accordingly. Lava flows of a variety of compositions are likely to erupt again in California, and all nonmovable objects in their paths will be endangered. Accordingly, local government officials may ask for prompt evacuation of areas likely to be affected.
Lava Domes
Volcanic domes are masses of solid rock that are formed when viscous lava is erupted slowly from a vent. If the lava is viscous enough, it will pile up above the vent to form a dome rather than move away as a lava flow. The sides of most domes are very steep and typically are mantled with unstable rock debris formed during or shortly after dome emplacement. Most domes are composed of silica-rich lavas that have a lower gas content than do the lavas erupted earlier in the same eruptive sequence; nevertheless, some dome lavas still contain enough gas to cause explosions within a dome as it is being formed.
The direct effects of dome eruption include local burial or disruption of the preexisting ground surface by the dome itself and widespread burial by rock debris if (Fink and Pollard, 1983; Miller, 1983 Miller, , 1985 .
At most vents in California, dome emplacement followed more explosive eruptions. Future domes are also likely to be erupted late in an eruptive cycle. 
Debris Flows

Eruption of Tephra
During many volcanic eruptions, fragments of lava or rock are blasted into the air by explosions or carried upward by a convecting column of hot gases. These fragments fall back to earth on and downwind from their source vent to form a pyroclastic-fall or "ash" deposit.
Pyroclastic-fall deposits, referred to as tephra, consist of combinations of pumice, scoria, dense-rock material, and crystals, that range in size from ash ( <2 mm) through lapilli (2-64 mm) to blocks ( > 64 mm). Eruptions that produce tephra range from short-lived weak ones that eject debris only a few meters into the air, to cataclysmic explosions that throw debris to heights of several tens of kilometers. Explosive eruptions that produce voluminous tephra deposits also commonly produce pyroclastic flows.
Close to an erupting vent, the main hazards to property posed by eruptions of tephra include high temperatures, burial, and impact of falling fragments; large falling blocks can kill or injure persons who cannot find shelter. Significant property damage can result from the weight of tephra, especially if it is wet, and 20 em or more of tephra may cause structures to collapse. Hot tephra falling near a volcano may set fire to forests and structures. Farther away, the chief danger to life is the effect of ash on the respiratory system. Even 5 em of ash will stop the movement of most vehicles and disrupt transportation, communication, and utility systems. 
Emission of Volcanic Gases
All magmas contain dissolved gases that are released during eruptions as well as between eruptive episodes. Gas emission often precedes eruptions, and gases can issue from fumaroles for hundreds or thousands of years after an eruption has ended. (Crandell and Mullineaux, 1978, p. 17), for example, suggested that a tephra eruption of small volume can be expected there as often as once every 100 yr. An eruption of moderate volume might occur once every 500-1,000 yr, and a significantly larger eruption no more than about once every 2 A combined flowage-hazard zone is shown for the Salton Buttes rhyolite domes, even though the youngest eruptive activity there has been dated by potassium-argon at 16,000 yr ± 40,000 (Muffler and White, 1969; Robinson and others, 1976) . A hazard zone has been plotted for this area because: (1) eruptive activity possibly may be younger than 16,000 yr old; (2) the Salton Buttes vents exhibit bimodal basalt-rhyolite volcanism and at least some future volcanic activity probably will be explosive; and (3) the Salton Buttes area is a region of active and rapid crustal spreading and, thus, is a likely place for future movement of magma toward the surface.
2,000-3,000 yr. A few even larger, cataclysmic eruptions have occurred in the western United States during the last 2 m.y., including one in Long Valley, Calif., about 700,000 yr ago (Bailey and others, 1976 
Flowage-Hazard Zones
Combined Flowage-Hazard Zone for Locally Precedented Events (Miller and others, 1982; Miller, 1985) . Thus, this only where they extend beyond the combined flowage hazard zone. Parts of these zones are also subject to falls of cinders and ballistic blocks.
Hazard Zone for Pyroclastic Surges
Zones of potential hazard from future steam blasts and pyroclastic surges are shown for the Clear Lake and Ubehebe Crater areas. The zones have a 10-km radius around vents in these two areas that have produced these types of eruptions during Holocene time. Pyroclastic surges may also occur at other vents in California where a combined flowage-hazard zone is shown, although a separate surge-hazard zone is not shown at these locations.
Flood-Hazard Zone
Hazard zones from future floods are shown extending from the Mount Shasta, Lassen Peak, and Mono Lake-Long Valley volcanic centers. These flood hazard zones are shown only where they extend beyond combined flowage-hazard zones or debris-flow-hazard zones.
Tephra-Hazard Zones
Tephra and gases from eruptions are carried away from the vent by prevailing winds. The location and extent of hazard zones for air-fall deposits are determined by the volume of the eruption, the height of the eruption column, and the direction and speed of prevailing winds. For any eruption of a given volume and column height, the likelihood that ash will affect a site depends on the frequency with which winds at various heights above the volcano blow toward the site; the thickness of ash that will fall at the site is chiefly a function of volume erupted and winds peed.
Wind-direction and windspeed frequencies can be judged from past ash falls and from modern wind records. The majority of ash beds erupted at volcanoes in California lie east of their source vents. Furthermore, at well-studied Pacific Northwest volcanoes like Mount Rainier and Mount St. Helens, more than 90 percent of the ash beds erupted during the last 10,000 yr lie east of those volcanoes (Mullineaux, 1976) . The ash beds also extend farther east of the volcanoes than to the west.
These data suggest that most tephra from future eruptions will likewise be deposited east of vents.
Modern wind records show wind patterns that resemble data obtained from the distribution of ash beds. The correspondence between the distribution of ash beds and records of windspeed and direction suggests that winds blowing toward the east have been the pattern for thousands of years and that modern wind records may be used to estimate future wind directions and ash distributions.
Tephra-Hazard Zones for Locally Precedented Eruptions
The locations and extents of hazards from tephra as shown on maps I-VI (plate 1) are based on precedented tephra thickness versus distance for each volcanic center; the part of each circular tephra-hazard zone that will be most seriously affected during a future eruption depends on prevailing windspeeds and wind directions during the eruption. Potential ash-fall thicknesses at two distances Eruptions of lesser volume than the maximum prece dented eruption will occur more frequently than larger ones at each center and will have effects that are less severe than those shown on the map (plate 1).
Only a part of each tephra-hazard zone is likely to be affected by a single eruption. The bulk of the volume of past ash falls at most silicic vents in ealifornia and at Mount St. Helens forms narrow elongate bands or lobes.
Most eruptions in California should deposit tephra lobes of similar shape, and most of the ash would fall in a narrow sector within zone X and zone Y; lesser amounts .
-s -· -.. of ash can be expected to affect a wide region around a volcanic vent. Most future lobes of ash will be deposited east of their source vents and, because windspeeds are less toward westerly directions, future lobes of ash deposited toward the west will probably be shorter than lobes of the same volume that are deposited to the east.
Tephra-Hazard Zones for Locally Unprecedented Eruptions
Eruptions of tephra considerably larger than locally precedented events are possible at Mount Shasta, Medicine Lake volcano, Lassen Peak, and the Mono Lake-Long Valley area ( fig. 2) . The inferred presence of shallow differentiated magma chambers and (or) local eruptive histories suggests that these systems may be evolving toward large-volume (tens of cubic kilometers) or very large volume (hundreds of cubic kilometers) eruptions.
Tephra from large and very large future eruptions will accumulate downwind from vents, and, like tephra from smaller eruptions, the location and thickness of tephra at any given distance from the vent will depend on the volume erupted and on wind direction and wind speed. Thickness versus distance curves are shown in Possible compacted tephra thicknesses at various distances from vents in California can be determined from figure 3 for eruptions of the three sizes described Figure 2 (facing page). Map showing volcanic vents in California that may produce future, large to very large explosive eruptions of tephra. Circles at various distances from vents can be compared with data in figure 3 to estimate possible thicknesses of ash falls from large eruptions of three different sizes. Wind-direction frequency diagrams are shown for Medford, Oreg., and Las Vegas, Nev. Wind direction frequency data are similar at Oakland and Vanden berg Air Force Base, Calif., and Yuma, Ariz., but are not shown here. Wind-rose diagrams show average percentage of time, annually, that winds at six altitudes from 3,000 to 16,000 m blow toward wedge-shaped sectors centered on 16 principal compass directions above the station. Successive circles in the wind-rose diagrams represent 2-percent increments. Percentages listed around the circumference of the wind-rose diagrams are rounded to the nearest whole number. Tephra of individual eruptions will most likely fall along a narrow ellipse downwind from the vent. (Data from Winds Aloft Summary of the Air Weather Service, U.S. Air Force, available from the National Climatic Center, Ashville, N.C.) above. Uncompacted newly fallen tephra may be thicker at a given distance than shown but will not be heavier.
Wind directions ( fig. 2 ) and windspeeds suggest that, like smaller eruptions, most tephra lobes from large to very large eruptions will be deposited to the east of vents, and lobes of ash will extend farther to the east than to the west. These and other types of monitoring may be useful in detecting warning signs of an impending eruption (Unesco, 1972; Decker, 1973; Lipman and Mullineaux, 1981) . However, the overall success of a monitoring Mullineaux, written commun., 1985; Westgate and Dreimanis, 1967 . Data on Mount Mazama eruption from Williams and Goles, 1968; Rai, 1971; and Mehringer and others, 1977 . Data on Bishop Tuff eruption from lzett, 1982; and unpublished data of the authors.
system depends on detection and interpretation of precursory events in time to warn and evacuate people from threatened areas and to initiate other measures to mitigate the effects of the eruption. Although monitoring systems may be useful by indicating an increase in the probability of volcanic activity and its possible location, they typically do· not indicate the kind or scale of an expected eruption, particularly the first magmatic event,
or the surrounding areas that might be affected.
Precursors to volcanic activity may continue for weeks, months, or even years before eruptive activity begins, or they can subside at any time and not be followed by an eruption. Thus, monitoring of volcanic precursors may provide a general warning that volcanic activity in a specific area is becoming more likely, but it often does not pinpoint the nature or timing of an eruption or even its certainty. 4. Preparation of plans to limit the access to and use of potentially hazardous areas if an eruption seems imminent, and plans for evacuation of such areas.
MITIGATING THE EFFECTS OF FUTURE ERUPTIONS
Development of emergency communications
systems that can be used to warn and inform people in potentially hazardous areas to evacuate or to take other precautions. 
